Abstract: Using a femtosecond Ti:Sapphire laser we experimentally and numerically simulated in the laboratory vertical propagation and filamentation in the atmosphere for up to 10 km by changing the pressure in a gas cell. Filament diameter increased at reduced pressures in air. This is a manifestation of the invariance of intensity clamping. Filaments produced at low pressures corresponding to higher altitudes were shown to reveal excellent transport properties due to the wide low-density plasma column extended homogeneously over long propagation distances. Pressure, atm /P cr P = 3 Experiment, /P cr P = 5 Experiment, /P cr P = 3 Simulations, Integrated fluorescence signal in the experiment for the fixed ratio P peak /Pcr(p) = 3, P peak /Pcr(p) = 5, and the number of electrons integrated over the whole filament in the simulations
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Introduction
The propagation of high power femtosecond laser pulses in air leads to a particular type of propagation called filamentation [1] [2] [3] [4] [5] [6] . Indeed, this propagation regime occurs as soon as the beam power exceeds several times the critical power for self-focusing, P cr , for a Gaussian beam [1] [2] [3] [4] 7] P cr = 3.77λ
where λ is the laser pulse's central wavelength, n 0 denotes the medium's linear refractive index, and n 2 the non-linear coefficient of refractive index. The filament appears as a dynamic equilibrium between Kerr self-focusing and self-defocusing by the self-generated low density plasma produced by multiphoton/tunnel ionization of the air molecules. Other effects are involved in this complex dynamic such as diffraction, group velocity dispersion, self-phase modulation and pulse self-steepening, the combination of which leads to a strong pulse restructuring [1] [2] [3] [4] .
Filamentation in air allows intense IR femtosecond pulses to propagate over very long distances, reaching hundreds of meters [8] [9] [10] . This characteristic is very useful in many applications. Possible applications are guide stars in higher layers of the atmosphere [11] , lightning control [10, [12] [13] [14] [15] [16] or the detection and identification of atmospheric components using a technology of light detection and ranging (lidar) [17] [18] [19] , and filament induced condensation [20] [21] [22] [23] . For such outdoor applications, it is necessary to study filamentation in air under real atmospheric conditions, including the low-pressure conditions encountered at high altitudes.
Laboratory model of pressure variation in the atmosphere can be arranged by varying gas pressure in a cell from one tenth till one unit of the atmospheric pressure near the ground surface (1 atm ∼ 10 5 Pa) [24, 25] . The critical power for self-focusing P cr (see Eq. (1)) decreases with increasing pressure. If the initial pulse energy remains a constant value, the pressure increase results in the larger ratio P peak /P cr (where P peak is the pulse peak power). The number of refocusing cycles increases and destroys the fluence and plasma channel homogeneity in the longitudinal direction, as shown in the simulated fluence distribution [25] . In the multiple filamentation regime with P peak /P cr ∼ 100 the modifications in the channeling properties induced by pressure variation were simulated in [26] .
Quantifying long-range vertical propagation in the atmosphere requires the estimates of the length and the transverse size of the channel. By fixing the initial pulse energy and changing gas pressure in the cell in the range 0.3 -1.0 atm, one can model the variation of the filament geometry along the atmospheric path. Previous study of filament characteristic variation were done systematically in [27] .
In this letter we modeled the vertical atmospheric propagation of a femtosecond pulse in air. The laboratory modeling was performed in a gas cell, where the air pressure varies from 1.0 to 0.3 atm corresponding to altitudes up to 10 km. Intensity clamping plays a central role in influencing the diameter and length of the filament. To illustrate this idea, the diameter and the length of the filament was measured experimentally and calculated numerically at different gas pressure under two different conditions, namely, that the initial ratio P peak /P cr was kept constant or the initial pulse energy was kept constant, while the air pressure was changed.
Experiment
The schematic diagram of the experimental setup is presented in Fig. 1 . The laser system was a typical modelocked Ti:Sapphire chirp pulse amplification (CPA) module operating at 10 Hz repetition rate. The maximum energy after the compressor was 10 mJ per pulse with transform-limited pulse duration of 45 fs full width at half maximum (FWHM), centered at 800 nm and having a spectral width of 23 nm. After an expanding telescope the beam radius was about 5.6 mm at 1/e 2 . Two dielectric mirrors (M 1 and M 2 ) with high reflectivity at around 800 nm were used to guide the beam. Outdoor atmospheric path requires the usage of the collimated or loosely focused beam geometry to make the filament as long as possible. In our experiment the beam was focused by a 100 cm focal length lens into a cell filled with air, the pressure of which varied from 0.3 to 1.0 atm. The focusing geometry made it possible to fit the filament in the cell and to observe the fluorescence. At the same time, the focusing in the experiment was loose enough for the filament to be much longer than the longitudinal size of the beam waist as compared to the case of geometrical focusing in vacuum. Therefore, the change of the properties of the filament with the pressure would adequately reproduce the collimated beam case.
The spatial distribution of a filament was characterized by imaging the fluorescence left behind by the laser pulse from the side of the cell onto a charge-coupled device (CCD) camera (1392×1024 pixels with 12 bit dynamic range) (Fig. 1) . The image magnification on the CCD was adjusted with an imaging system (Minolta MD 50 mm 1:2 φ = 49 mm) in front of the CCD camera. The camera was protected from the scattering of the 800 nm pump light by a dielectric mirrors with 99% reflectivity at 800 nm. As a result only the fluorescence signal from air molecules was collected by the camera. Each image ( at each position along the filament. The distance between the positions, at which the integrated signal equaled half the peak signal was then defined as the FWHM filament length.
Numerical simulations
Numerical simulations of the pulse propagation in air have been performed based on the slowly evolving wave approximation, which allows one to consider the propagation of the pulses up to single-cycle duration [28] [29] [30] . The equation for the slowly varying light field amplitude A(r, z, t) in the case of cylindrical symmetry is given by
The terms on the right-hand side describe beam diffraction, space-time focusing, material dispersion including the second and the higher orders. The terms grouped in square brackets describe the Kerr nonlinearity, selfsteepening, the nonlinearity due to the ionization and the pulse energy loss caused by the plasma formation, respectively. ω 0 and k 0 are the laser central frequency and the corresponding wavenumber. The Kerr nonlinearity of neutrals in air is proportional to the pressure and consists of the sum of the instantaneous anharmonic response of the bound electrons and the delayed response due to stimulated Raman scattering on rotational transitions of molecules [31, 32] .
In the simulations the critical power for self-focusing P cr [7] was taken as ≈ 10 GW for a 45 fs pulse propagating in atmospheric pressure air according to the experimental measurements [33] .
If the pressure is less than or equal to 1 atm (p ≤ p atm ), the effective electron -neutral collision frequency ν c is much smaller than the laser frequency ω 0 . The imaginary part of the plasma contribution to the refractive index Im(∆n p ) can be neglected, while the real part is represented by:
The function α(r, t) is responsible for the ionization energy loss in air:
In Eq. (4) are calculated according to the rate equations with the ionization probability of nitrogen or oxygen molecules taken from [34] and fitting parameters derived from the experimental data [35] .
In the simulations the initial pulse is Gaussian with Gaussian transverse intensity distribution and plane wavefront. The beam radius is a 0 = 2.5 mm and the pulse duration is 54 fs both at e −1 intensity level. In the first set of calculations we fix the ratio P peak /P cr (p). With the pressure increase the critical power decreases as 1/p due to the increase in the neutral molecules' density. In order to preserve the ratio, the peak power should be decreased by means of decreasing the initial pulse energy W 0 . In the second set of calculations we fix the energy value at W 0 = 2.4 mJ. The increase in the critical power with decreasing pressure leads to the decrease in the ratio P peak /P cr (p).
The primary filament characteristics, which are of interest in the atmosphere, are the length and the width of the filament core or plasma column. The spatial distribution of the plasma column is given by the fluence as
While the total number of electrons at each z-point of the plasma column (i.e. the linear plasma density) is given by
where τ end is the local time at the end of the pulse. The filament diameter is calculated at 0.5 level (FWHM) of the fluence J(r, z) at each z position. emitted by excited nitrogen molecules (Fig. 2) . Mainly, fluorescence signal in air filament is from nitrogen molecules. The measured nitrogen fluorescence zone is smaller than the high intensity zone of the light filament (i.e. the fluence distribution given by the Eq. (6)) because the nitrogen fluorescence is the result of multiphoton/tunnel ionization. From the experimental point of view, it is equivalent to an effective 11-photon ionization process [35] . The change of the filament diameter with pressure d(p) at the fixed ratio P peak /P cr (p) has been measured (Fig. 3) . To do this, we increased the initial pulse energy as the pressure decreased. In the single filament regime (P peak /P cr (p) < 10) the transverse section of the filament contains several critical powers for self-focusing P cr (p) [1] [2] [3] [4] [5] . The monotonic decrease of the filament diameter d as a function of pressure can be estimated from the expression
Filament characteristics in the experiment and simulations
where I max is the maximum intensity reached in the filament at a given propagation position z. This maximum clamped intensity I max is independent of the pressure [36] . Eq. (8) becomes
Therefore, both in the experiment (Fig. 3a) and the simulations (Fig. 3b) , as the pressure decreases, a monotonic increase of the filament diameter was obtained for Pressure, atm /P cr P = 3 Experiment, /P cr P = 5 Experiment, /P cr P = 3 Simulations, Figure 5 (online color at www.lasphys.com) Integrated fluorescence signal in the experiment for the fixed ratio P peak /Pcr(p) = 3 (solid curve marked by filled stars) or P peak /Pcr(p) = 5 (dashed curve marked by filled stars). The number of electrons integrated over the whole filament in the simulations (solid curve marked by empty stars) P peak /P cr (p) = 3 and P peak /P cr (p) = 5. In the simulations the filament diameter grew faster, namely from 110 till 220 µm, that is, by a factor of 2 ( Fig. 3b) while in the experiment the growth was by a factor of ∼ 1.3 (Fig. 3a) . The faster growth of the filament diameter in the simulations was due to the fact that purely nonlinear selffocusing effect defined the filament transverse size. In the experiment the diameter was further limited by linear geometrical focusing which was independent of the pressure. Therefore, in the experiment, the resulting filament's transverse size decreased as the pressure decreased but less than in the case of collimated beam case (Fig. 3a) .
For the fixed ratio P peak /P cr (p) = 3 and P peak /P cr (p) = 5 the filament length increases essentially as the pressure decreases (Fig. 4a and Fig. 4b) . The filament length is longer at lower pressure mainly because the local (i.e. found at each propagation position) free electron density is smaller and the beam aberrations due to the nonlinear defocusing in the laser-produced plasma are less severe than in atmospheric density air. At the low pressure of 0.3 atm, simulations show a quite long channel which is comparatively wide and homogeneous in the transverse direction (Fig. 4b) . This channel could be very beneficial for the delivery of high (clamped) intensity and low density plasma to the desired destination at high altitudes of about 10 km.
The variation of the integrated total fluorescence signal in the experiment characterized the overall amount of electrons in the channel. Therefore, the dependence of the fluorescence signal on pressure in the experiment can be compared with the dependence of the overall number of electrons on pressure in the simulations. This is shown in Fig. 5 where both the experiment and the sim- ulations show the increase of the plasma in the channel with increasing energy, i.e. with decreasing pressure. Besides, for each particular pressure, the number of electrons increases with increasing input energy (compare the solid curve for P peak /P cr (p) = 3 and the dashed curve for P peak /P cr (p) = 5 in Fig. 5 ). Combining Fig. 3, Fig. 4 , and Fig. 5 , we observed the following. At low pressure, which is equivalent to high altitudes in the atmosphere, low density free electrons are distributed in a long plasma channel with a larger diameter. The diameter varies weakly along the propagation direction. In the case of fixed initial pulse energy the filament diameter decreases with increasing pressure (Fig. 6 ). In the experiment the initial pulse energy of 4.5 mJ was chosen to be larger than in the simulations (2.4 mJ). This is due to the imperfect beam quality in the experiment, which leads to the higher, critical power for self-focusing than the one for the perfect Gaussian beam used in the simulations.
This diameter decrease with the pressure is in accordance with Eq. (9). In the experiment, the beam diameter changed by a factor of 1.1 approximately while in the simulations the diameter was changed by a factor of 2. Indeed, in the experiment, the diameter was measured based on the fluorescence signal transverse distribution. At lower pressures only the core of the filament irradiated enough fluorescence for the detection in the experiment, while the wide surrounding light channel could not be detected. Low fluorescence signal resulted in the underestimate of the beam diameter width at low pressures.
The inverse relationship between the single filament diameter and the gas pressure is a universal phenomenon valid throughout all the initial pulse parameters leading to a single filament formation. The physical origin of this phenomenon is in the invariance of the maximum or clamped intensity reached in the filament at different pressures [36] . This maximum intensity in turn is defined by the single atom/molecule ionization in the intense light field.
Furthermore, for fixed initial pulse energy, the filament length increases with pressure increase (Fig. 7) . This is because at higher pressures filament formation is easier because of the lower critical power for self-focusing P cr (p). Thus, the radiation confinement occurs in a smaller diameter and extends over longer distances. At low pressure, the filament is more homogeneous because of the very little variation in the diameter along the propagation direction ( Fig. 4b and Fig. 7b, p=0.3 atm) . However, at higher pressures (say, p=1 atm, Fig. 7b ), this homogeneity is lost because the (constant) peak power is now 10 times higher than P cr so that multiple refocusing occurs. Therefore, the high-altitude channel formed in a single filament regime has the advantage of homogeneous distribution along the propagation direction and wide transverse plasma area.
Conclusion
We have studied experimentally and by means of numerical simulations the variation of filament diameter and length with pressure between 0.3 and 1.0 atmosphere; i.e. simulating vertical propagation and filamentation into the atmosphere for up to 10 km. As a result of intensity clamping, the filament diameter becomes larger at higher altitude for a given input peak power high enough to undergo filamentation while the filament length, though shorter, becomes more homogeneous at higher altitude. This natural improvement of the quality of the filament would be very useful in remote interaction in the atmosphere.
